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ABSTRACT Synthetic lipid membranes in the absence of proteins can display quantized conduction events for ions that are
virtually indistinguishable from those of protein channel. By indistinguishable we mean that one cannot decide based on the
current trace alone whether conductance events originate from a membrane which does or does not contain channel proteins.
Additional evidence is required to distinguish between the two cases, and it is not always certain that such evidence can be
provided. The phenomenological similarities are striking and span a wide range of phenomena: The typical conductances are
of equal order and both lifetime distributions and current histograms are similar. One finds conduction bursts, flickering, and
multistep-conductance. Lipid channels can be gated by voltage, and can be blocked by drugs. They respond to changes in lateral
membrane tension and temperature. Thus, they behave like voltage-gated, temperature-gated and mechano-sensitive protein
channels, or like receptors.
Lipid channels are remarkably under-appreciated. However, the similarity between lipid and protein channels poses an eminent
problem for the interpretation of protein channel data. For instance, the Hodgkin-Huxley theory for nerve pulse conduction
requires a selective mechanism for the conduction of sodium and potassium ions. To this end, the lipid membrane must act
both as a capacitor and as an insulator. Non-selective ion conductance by mechanisms other than the gated protein-channels
challenges the proposed mechanism for pulse propagation. Nevertheless, the properties of the lipid membrane surrounding the
proteins hardly ever enter into the textbook discussion of membrane models.
Some important questions arise: Are lipid and protein channels similar due a common mechanism, or are these similarities
fortuitous? Is it possible that both phenomena are different aspects of the same phenomenon? Are lipid and protein channels
different at all?
In this review we will document some of the experimental and theoretical findings that show the similarity between lipid and
protein channels. We discuss important cases where protein channel function is strongly correlated to lipid properties. Based on
some statistical thermodynamics simulations we discuss how such a correlations could come about. We suggest that proteins
can in principle act as catalysts for lipid channel formation and that some apparently mysterious correlations between protein
and lipid membrane function can be understood in this manner.
∗corresponding author, theimbu@nbi.dk
Keywords: membranes, heat capacity, adiabatic compressibility, frequency de-
pendence, relaxation, dispersion
1 Introduction
The observation of channel-like conduction events in pure lipid
membranes is not new but has not received appropriate atten-
tion. Yafuso et al. described them in oxidized cholesterol
membranes as early as 1974. Further evidence was provided
by Antonov and collaborators and by Kaufmann and Silman
in the 1980s. It was shown that channel formation is influ-
enced by temperature and pH. Goegelein and Koepsell showed
in 1984 that one can block such lipid channels with calcium,
and Blicher et al. showed that one can block lipid membrane
channels with general anesthetics. They may be mildly selec-
tive for ions following the Hofmeister series (the above is re-
viewed in Heimburg, 2010 (1)). Further, lipid channels can be
gated by voltage (2). In the last decade, Colombini and collab-
orators described channel-like events in membranes containing
ceramides and sphingolipids (3).
Synthetic lipid membranes can display melting transitions
of their chains (4). The transition is accompanied by an ab-
sorption of heat, and a change in entropy due to the disorder-
ing of the lipid chains. Biological membranes possess such
melting transitions, too, typically at temperatures about 10 de-
grees below physiological temperature (4). Chain melting has
been described for several bacterial membranes but also for
lung surfactant and nerve membranes. Electrophysiological ex-
periments on synthetic membrane suggest that the spontaneous
appearance of pores in membranes is related to thermal fluctu-
ations, which are known to approach a maximum in the tran-
sition regime. The likelihood of pore opening and the respec-
tive open lifetimes are characterized well by the well-known
fluctuation-dissipation theorem (FDT)(5) and its applications
to membrane pores (1). In essence, the FDT establishes con-
nections between the fluctuations of extensive variables such as
enthalpy, volume and area, and the conjugated susceptibilities:
heat capacity, isothermal volume and area compressibility, re-
spectively. For instance, wherever the heat capacity is high, the
fluctuations in enthalpy are large. Similarly, large volume and
area fluctuations imply a high volume or lateral compressibil-
ity. Volume and area fluctuations are strongly coupled to the
enthalpy fluctuations (4). Therefore, the membrane becomes
highly compressibly (i.e., soft) close to transition, and the for-
mation of defects is facilitated. For this reason, close to tran-
sitions one expects the spontaneous formation of pores in the
lipid membrane, and a significant increase of the permeabil-
ity for ions and small molecules. Such changes in permeabil-
ity close to transitions were in fact observed experimentally(1).
The presence of melting transitions in biological membranes
therefore makes it highly likely that lipid ion channels are also
present in living cells. An important implication of the FDT is
that fluctuations are directly coupled to fluctuation lifetimes (6),
which implies that the open lifetime of lipid membrane pores is
maximum close to the transition.
Changes in experimental conditions can shift the melting
point. For instance, drugs such as the insecticide lindane or the
anesthetic octanol lower transition temperatures and therefore
influence the permeability of membranes (1). Due to their ef-
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Figure 1: Lipid ion channels in a synthetic membrane
(DMPC:DLPC=10:1 in 150mM KCl, 30◦C). A. Charac-
teristic current trace recorded at 50mV. It was stable for
more than 30 minutes. B. The single-channel I-V profile
is linear, resulting in a conductance of 330 pS. C. Life-
time distribution of the channels. Adapted from Laub et
al, 2012 (10). D. Ceramide channels in soybean lipids
(asolectin) in 1M KCl. From Siskind et al., 2002 and
2003 (3, 11).
fect on the physics of membranes, such drugs can ‘block’ lipid
channels without binding to any particular receptor. Similarly,
hydrostatic pressure shifts transitions upwards (4).
It seems to be increasingly accepted that the composition
of lipid membranes can influence the channel activity of pro-
teins (7). Interestingly, critical phenomena such as the ones
described above for synthetic membranes have also been found
for protein channels embedded in synthetic lipid membranes.
The characteristics of some of these channels are highly corre-
lated with the chain melting transition in the surrounding mem-
brane. For instance, the KcsA potassium channel when recon-
stituted into a synthetic membrane displays a mean conduc-
tance that exactly reflects the heat capacity profile of the mem-
brane (8). Simultaneously, the open lifetime of the channel is
maximum in the membrane transition. Thus, the properties of
membranes containing this channel protein accurately reflect
the physics of the fluctuations in the lipid membrane. Very
similar phenomena were found for the sarcoplasmic reticulum
calcium channel (9).
2 Lipid ion channels
2.1 Single channels in protein-free membranes
Fig. 1A shows a typical channel event in a synthetic lipid mem-
brane (DMPC: DLPC=10:1, 150mM NaCl) recorded around
30◦C (10). These channels display a conductance of about 330
pS and lifetimes on the order of 1-100ms. Such conductances
and lifetimes are not untypical for protein channels, too. In
fact, it would be difficult to distinguish the traces in Fig. 1
from protein channels in the absence of independent informa-
tion available. Further examples were reviewed in Heimburg,
2010 (1).
Fig. 1D shows recordings from so-called ceramide chan-
nels. Such channels have been investigated in much detail by
the Colombini group from the University of Maryland. Channel
events in protein-free membranes containing a small amount of
ceramide lipids look similar to the lipid pores in Fig. 1. Ce-
ramide channels seem to be distinct from other lipid membrane
pores since they display much larger conductances and much
longer lifetimes than the data in Fig. 1 (A-C).
2.2 Comparison of lipid and TRP protein ion
channels
The literature contains copious examples for protein channel
conductance. As mentioned, many of these data are similar in
appearance to the lipid channels. This is demonstrated in the
following for TRP channels that were over-expressed in hu-
man embryonic kidney (HEK) cells (10). Fig. 2 (top) shows
short but representative time-segments of channel recordings
from a synthetic lipid preparation (top trace), HEK cells con-
taining the TRPM2 (center trace) and TRPM8 (bottom trace)
channels (data from Laub et al. (10)). The order of magnitude
of the conductance and the current histograms are very simi-
lar. Equally similar traces were found for conduction bursts,
flickering traces and other phenomena typical for protein con-
ductance (10). Fig. 2 (bottom) a conduction burst in a synthetic
membrane (top) is compared to a burst of the TRPM8 channel
activity. The current histogram of the two bursts is very simi-
lar, both in absolute currents and in the peak areas. It is again
difficult to distinguish the data from the synthetic and cell mem-
branes without independent experimental evidence. It is likely
that this statement is generally true.
2.3 Pore geometries
Lipid pores are transient in time and probably due to area fluc-
tuations in the membrane. There exists no experimental evi-
dence for a well-defined pore geometry and size from electron
microscopy or other nanoscopic techniques. Glaser and col-
laborators (12) proposed two kinds of pores: The hydrophobic
pore shown in Fig. 3A (left) and the hydrophilic pore shown in
Fig. 3A (right). The hydrophobic pore is a area density fluc-
tuation without major rearrangement of its lipids. Water in the
pore is in contact with hydrophobic hydrocarbon chains. The
hydrophilic pore (Fig. 3A, right) is linked to a rearrangement
of the lipids so that contact with water is avoided. Such pores
are thought to be more stable and long-lived. Based on elastic
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considerations, the pore diameter was estimated to be of or-
der 1nm (12), suggesting a well-defined channel conductance.
Both, hydrophilic and hydrophobic pores have been found in
MD simulations (13) (Fig. 3B). Application of voltage across
the membrane initially forms a hydrophobic pore which sub-
sequently develops into a hydrophilic pore. Due to the lack of
direct observation, these geometries must be regarded as ten-
tative. The proposed structure of ceramide channels consists
rather of a stable geometry with well-defined molecular order.
Considering their longer lifetimes and larger conductance, it is
not clear whether these events are comparable to the lipid ion
channel events described in Fig. 1.
Figure 2: Top: The comparison of channel events
from synthetic lipid membranes (top) and from protein-
containing cell membranes (center: TRPM2, bot-
tom:TRPM8) demonstrate the phenomenological similar-
ity of both stepwise conductance and probability distribu-
tion of current events (10). Bottom: Conduction burst in
a synthetic membrane (top) and in a HEK cell membrane
containing the TRPM8 channel (bottom) (10). The cur-
rent histograms are nearly identical.
Figure 3: Hydrophobic and hydrophilic pores in lipid
membranes. A. Schematic drawing with hydrophobic
pore on the left and hydrophilic pore on the right. B.
Molecular dynamics simulation of a membrane subject
to a voltage difference of 2 V(13). Here, the the hy-
drophobic pore (left) consists of a file of water molecules
spanning through the membrane. Such pores are thought
to be dynamic structures caused by fluctuations in the
lipid bilayer. C. Hypothetical structure of a ceramide
channel.(14).
3 Transitions in the membrane and per-
meability maxima
Lipid membranes display melting transitions. In these transi-
tions the membranes remain intact, but enthalpy ∆H and en-
tropy ∆S change at a defined temperature Tm = ∆H/∆S.
This is schematically displayed in Fig. 4 (a, b). One can in-
vestigate such transitions in calorimetry by recoding the heat
capacity, cp = (dH/dT )p. The heat capacity profile shown in
panel c is from synthetic vesicles of dipalmitoyl phosphatidyl-
choline (the lipid in panel a) with a melting temperature of
∼41◦C. Panel d (shaded area) shows the cp-profile of native
E. coli membranes with a lipid melting peak close to physi-
ological temperatures (Tm ≈ 22◦C). This has also been re-
ported for other bacterial membranes, for lung surfactant (4),
and for nerve membranes from rat brains, where the heat ca-
pacity maximum is always found in the range from 20-30◦C.
It seems likely that chain melting close to physiological condi-
tions is a generic property of cells. The integrated heat capacity
yields both ∆H and the ∆S. Simultaneously, the volume of
the membrane changes by about 4% and the area by about 24%
(17). The fluctuation-dissipation theorem (FDT) states that heat
capacity cp, volume and area compressibility κVT and κ
A
T are
given by
cp =
〈
H2
〉− 〈H〉2
RT 2
;
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Figure 4: Melting of lipid membranes and permeability changes. a, b. Schematic representation of the melting
process in a lipid membrane (4). c. Calorimetric melting profile of a dipalmitoyl phosphatidylcholine (DPPC)
membrane. d. Melting profile of native E. coli membranes (4). The peak shaded in red is the lipid melting
peak, situated about 10-15 degrees below growth temperature (dashed line). e. Permeability of a synthetic lipid
membrane for a fluorescence dye compared to its heat capacity (15). f. Conductance of a synthetic lipid membrane
for ions compared to the heat capacity (16).
κVT =
〈
V 2
〉− 〈V 〉2
〈V 〉RT ; (1)
κAT =
〈
A2
〉− 〈A〉2
〈A〉RT ,
i.e., they are related to enthalpy, volume and area fluctuations.
Empirically, it was found that
κVT = γV · cp ; κAT = γA · cp , (2)
where γV ≈ 7.8 · 10−10m2/N and γA ≈ 0.89 m/N are mate-
rial constants (17–19). As a consequence, membranes become
very soft in transitions. The application of the FDT to lipid
membranes is discussed in detail by Heimburg (2010) (1).
Several previous studies reported that membranes become
more permeable in the transition regime (1). In order to create
a pore, work ∆W (a) has to be performed:
∆W (a) =
1
2κATA0
a2 , (3)
where a is the area of the pore and A0 is the area of the overall
membrane. Here, the line tension of the pore circumference(12,
20) is not explicitly contained for reasons discussed in Blicher
et al. (15). Since κAT has a maximum in the transition, the
likelihood of finding a pore is enhanced and the permeability is
high. This is shown for fluorescence dyes and ions in Fig. 4 (e
and f).
3.1 Relaxation timescales and lipid channel life-
times
The lifetime of fluctuations is also described by the fluctuation-
dissipation theorem (5). Generally, larger fluctuations are asso-
ciated with larger timescales. In the case of single lipid mem-
Figure 5: Left: Relaxation time scale of DPPC MLV com-
pared to the heat capacity (6). Right: Open lifetimes of
channel events in a D15PC: DOPC = 95:5 mixture in the
fluid phase and in the phase transition (16).
branes close to transitions it has been shown that relaxation
times are reasonably well described by an single-exponential
process with a time constant of
τ =
T 2
L
∆cp , (4)
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where L is a phenomenological coefficient with L = 6.6 · 108
J K/mol s for multilamellar lipid vesicles (MLV) of synthetic
lipids (6). In nonequilibrium thermodynamics it is assumed
that the relaxation and the fluctuation timescales are identical.
Therefore, the time scale τ is intimately related to the mean
open time of lipid channels. Fig. 5 (left) shows that DPPC
MLV display a ∆cp maximum of about 400 kJ/mol K, leading
to a relaxation time τ of 45 seconds. The half width of this
transition is of the order of 0.05-0.1 K.
The half width of the heat capacity profile of lung surfactant
is much broader (order 10 K). The heat capacity at maximum is
about 300 times smaller than for DPPC, and one expects a max-
imum relaxation time on the order of 100 ms. Similar numbers
are expected for the transitions in E. coli and other bacterial
membranes, and the membranes of nerves. Interestingly, 1 -
100 ms is the timescale of the open lifetime of protein channels
– as well as that of lipid channels. The right hand panel of Fig.
5 shows the distribution of lipid channel lifetimes within and
above the melting range of a synthetic lipid mixture (16). It
can be seen that the lifetime increases 5 to 10-fold in the tran-
sition range, which is consistent with the above considerations.
Below, we will show that the KcsA potassium channel displays
similar dependence on the melting transition in the surrounding
membrane.
3.2 Gating of lipid channels
The likelihood of finding lipid pores depends on experimental
conditions due to the dependence of the melting point on all
intensive thermodynamic variables.
The permeability must be considered as primarily due to
pore formation. Therefore, the likelihood of finding channels is
correlated with changes in the intensive variables. In analogy
with the nomenclature of protein channels, we will call this ef-
fect ‘gating’. Gating implies that the open probability of lipid
channels depends in a very general sense on the intensive ther-
modynamic variables. It has been shown experimentally that
lipid channels can be gated by (1)
• temperature (temperature-sensing).
• lateral pressure or tension (mechanosensitive-gating).
• general anesthetics (gating by drugs).
• calcium and pH , i.e., chemical potential differences of
calcium and protons.
• voltage (voltage-gating), discussed below.
Note that these variables have also been reported to control
protein channels, e.g., the temperature sensitive TRP channels
(21), mechanosensitive channels (22), the effect of general anes-
thetics on the nicotinic acetyl choline receptor (23), calcium
channels (9), the pH-dependent (8) and voltage-gated (7) KcsA
potassium channels.
3.3 The effect of voltage
At suitable voltages, one can induce single channel events in
the synthetic membrane (Fig. 6). In contrast to the conduc-
tance of the overall membrane, the single channel conductance
is constant and leads to a linear current-voltage relation. The
open probability increases as a function of voltage.
Figure 6: Voltage-gating in a DMPC:DLPC=10:1 mem-
brane at 30◦C in 150mM KCl. Top: Current-traces
at four voltages showing an increase of single-channel
conductance with voltage and an increased likelihood of
channel formation. Bottom, left: The corresponding lin-
ear single-channel current-voltage relation indicating a
single-channel conductance of γ=320 pS. Bottom, right:
Open probability as a function of voltage.
The phase diagram of a membrane as a function of volt-
age was recently given by Heimburg (24). If one regards the
membrane as a capacitor, one can calculate the force on the
membrane due to electrostatic attraction. This force can reduce
the thickness of the membrane. It can thus change the melting
temperature and potentially create holes above a threshold volt-
age (20, 25). The electrostatic force, F , exerted by voltage on
a planar membrane is given by
F = 1
2
CmV
2
m
D
(5)
where Cm is the membrane capacitance, Vm is the transmem-
brane voltage andD is the membrane thickness (24). This force
reduces the thickness of the membrane (2). The electrical work
performed on the membrane by a change in thickness from D1
to D2 is
∆Wel =
∫ D2
D1
FdD ∝ V 2m . (6)
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It can thus be assumed that the free energy of pore forma-
tion, ∆G, is related to the square of the voltage and to the elas-
tic constants of the membrane (2) with
∆G = ∆G0 + αV
2
m , (7)
where ∆G0 is the free energy difference between open and
closed pores in the absence of voltage and α is a constant. ∆G0
reflects the elastic properties of the membrane that depend on
composition, temperature and pressure. For asymmetric mem-
branes one obtains
∆G = ∆G0 + α(Vm − V0)2 , (8)
where the offset voltage V0 is due to membrane curvature or
to a different lipid composition in the two membrane leaflets
(27). The probability, Popen(Vm), of finding an open pore in
the membrane at a fixed voltage is given by
Popen(Vm) =
K(Vm)
1 +K(Vm)
; K(Vm) = exp
(
−∆G
kT
)
, (9)
where K(Vm) is the voltage-dependent equilibrium constant
between open and closed states of a single pore.
The current-voltage relation for the lipid membrane is pro-
portional to the likelihood of finding an open channel for a
given voltage:
Im = γp · Popen · (Vm − E0) , (10)
where γp is the conductance of a single pore and E0 = is the
Nernst potential. While the voltage V0 reflects the asymmetry
of the membrane, E0 reflects the asymmetry of the ion concen-
trations of the buffer solution. If the aqueous buffer is the same
on both sides of the membrane, the Nernst potential is zero.
Fig. 7 (left) shows the I-V profile of a lipid membrane made
of a mixture of DMPC and DLPC (10) and a fit given by the
Figure 7: Current voltage-relations. Left: A synthetic
membrane (DMPC:DLPC=10:1). The insert is the open
probability of a membrane pore. The solid line repre-
sents a fit to eq. 10 with E0 = 0 V. Right: I-V profiles
of TRPM8 channels in HEK cells, adapted from Voets et
al. 2004 (21) (top panel) and of TRPM5 in HEK cells,
adapted from Talavera et al. 2005 (26). The solid lines
are fits to eq. 10.
formalism given by eqs. 8 to 10 (V0 = −110mV, γm = 6.62
nS, ∆G0 = 5.2 kJ/mol, and a = −248 kJ/mol·V2). This
fit reproduces the experimental profile. For comparison, the
right hand panel of Fig. 7 shows the current-voltage relation-
ships of two proteins from the TRP family. Members of this
family of ion channels have been reported to respond to envi-
ronmental stimuli such as temperature, membrane tension, pH
and various drugs (28). No particular structure for these chan-
nels is known, and no very well-defined selectivities for ions
have been reported. Fig. 7 (right panels) show data for the
current-voltage relationship of TRPM8 at two temperatures and
TRPM5 adapted from publications of B. Nilius’ group (21, 26).
The I-V profiles look quite similar to that obtained from the
synthetic membrane. The solid lines in Fig. 7 (right panels) are
fits to the above formalism using parameters of similar order
of magnitude as used for the synthetic membrane. The qual-
ity of these fits indicates that the TRP channel conductance is
well described as unspecific pore formation in an asymmetric
membrane caused by the charging of the membrane capacitor.
4 The role of proteins
Here, we consider several cases where proteins and lipid pores
display similar dependences on intensive variables.
4.1 Temperature dependence of lipid pores, tem-
perature sensing protein channels and van’t
Hoff law
Sensitivity to temperature is one of the most prominent proper-
ties of the TRP channels (26). Such channels display a temper-
ature sensitivity over a temperature range of 10 K that is simi-
lar to the width of melting transitions in many biomembranes.
For instance, the TRPM8 channel is activated at temperatures
about 10 degrees below body temperature, just where the max-
imum of the melting profile of many cell membranes is found.
While this may be coincidental, the assumption of temperature-
sensing macromolecules is problematic as we discuss below.
Assume a channel protein with open and closed states as
shown in Fig. 8A. These states correspond to distinct pro-
tein conformations. The equilibrium constant between the two
states is K = exp (−∆G/RT ) with ∆G = ∆H − T∆S. The
likelihood for finding open and closed states is
Popen =
K
1 +K
and Pclosed =
1
1 +K
(11)
respectively (van ’t Hoff’s law). On this basis, Talavera et al.
reported activation enthalpies on the order of 200kJ/mol for
TRPM4, TRPM5, TRPM8 and TRPV1 channels (26). Fig. 8B
shows a fit of the conductance of a TRPM8 channel (21) to
eq. 11. The corresponding transition enthalpy is ∆H =-250
kJ/mol, and the entropy ∆S =-856 J/mol·K. Fig. 8C displays
the corresponding heat capacity of the transition in the protein
with a maximum at 18.9 ◦C. It is given by the derivative of the
fit in Fig. 8B multiplied with the van’t Hoff enthalpy. These
numbers are comparable to the total heat of protein unfolding.
Typical values are: about 350kJ/mol for staphylococcal ribonu-
clease, 200 kJ/mol for lysozyme, and 200-500 kJ/mol for met-
myoglobin. However, such transition enthalpies seem highly
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Figure 8: A. Schematic drawing of a possible equilib-
rium between an open and a closed state of a channel
protein. The equilibrium is defined by Gibbs free energy,
enthalpy and entropy differences (∆G, ∆H and ∆S, re-
spectively). B. Van ’t Hoff analysis of the temperature de-
pendent conductance of a TRPM8 channel in HEK cells
at -80mV (adapted from (21)). It leads to ∆H of -250
kJ/mol and ∆S=-859 J/mol· K for the two-state equilib-
rium. C. From the analysis in panel B one obtains a heat
capacity profile of the transition with a midpoint at 18.9
◦C. D. For comparison, the lipid melting profile of native
E. coli membranes is shown. It displays similar transition
width and midpoint.
unlikely for the small conformational change from an open to
a closed state. The conformational change from closed to open
state of a protein should have a much smaller enthalpy change
and should thus have a much smaller temperature dependence.
Similarly, the claimed difference in the entropy of closed and
open states is too large. According to Boltzmann’s equation,
S = k ln Ω (with Ω being the degeneracy of states), an en-
tropy difference of -856 J/mol K corresponds to a change of the
number of states by a factor of Ω = 5 · 1044. A change of this
magnitude is plausible for protein denaturation where there is
no well-defined unfolded structure but one well defined native
conformation. It is not reasonable for a transition between two
states with well-defined function and geometry. Due to cooper-
ative behavior, however, the melting of the lipid membrane can
easily have enthalpies and entropies of the above order. Fig. 8D
shows the experimental melting profile of E. coli membranes.
The activation profile of TRPM8 channels is apparently quite
consistent with the melting profile of a cell membrane.
Figure 9: The dependence of KcsA channels on the phase
transition of its host membrane. Top: The conductance
of the channel in two lipid mixtures (symbols) compared
to the respective heat capacity profile of the lipids (lines).
Bottom: Open lifetimes of the KscA-channel (symbols)
compared to the heat capacity profile (line). From Seeger
et al. (2010) (8).
4.2 Channel proteins and phase transitions in
the lipid membrane
The KcsA potassium channels are pH- and voltage-gated. In or-
der to measure their properties they are frequently reconstituted
into synthetic membranes such as POPE:POPG=3:1 mol:mol
(8). It is unclear why this particular lipid mixture is often cho-
sen. Measurement of the heat capacity reveals that this lipid
mixture has a melting profile with a maximum close to room
temperature (blue line in Fig. 9, top). Interestingly, the mea-
surement of the mean conductance of the KcsA channel recon-
stituted into this membrane (blue symbols) exactly follows the
heat capacity profile. This is not accidental since a change in
the lipid composition to POPE:POPG=1:1 reveals that the con-
ductance profile of the channel shifts in the same manner as the
heat capacity curve (black symbols). A similar observation can
be made for the KcsA channel open times. Typically, the open
time distribution is fitted with a biexponential yielding two time
constants. These two time constants are plotted in Fig. 9 (bot-
tom) for the POPE:POPG=3:1 mixture as a function of temper-
ature and compared with the respective heat capacity profiles.
It was found that the lifetimes also follow the heat capacity pro-
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Figure 10: The interaction of proteins with lipid membranes and hydrophobic matching. The top row refers to a
protein that favors the solid state, while the bottom row refers to a protein favoring the liquid state. Left: Schematic
drawing of the lipid arrangement around proteins. Center: The influence of proteins on the heat capacity profile of
a synthetic membrane (Top: Band 3 protein of erythrocytes in DMPC shifts heat capacity profiles towards higher
temperatures. Bottom: Cytochrome B5 in DPPC shifts cp profiles towards lower temperatures). Right: Monte
Carlo simulations of the local fluctuations (yellow indicates larger fluctuations) of the lipid membrane close to the
protein. Top: Fluctuations are enhanced at the protein interface above the melting temperature Tm and unaffected
below. Bottom: Fluctuations are enhanced below Tm and unaffected above the transition.
file. Very similar behavior was found for the sarcoplasmic retic-
ulum calcium channel reconstituted into POPE:POPC mixtures
at different ratios (9). Close to the largest heat capacity events
of the lipid mixture, the channel displayed maximum activity
(highest conductance) and the longest open times.
The behavior described above is expected from the fluctu-
ation dissipation theorem for the lipid transition itself. Both
mean conductance and the lifetimes of conduction events ac-
curately reflect the physics of the lipid membrane. Interest-
ingly, in the case of the KcsA channel the conductance (and
thus channel activity) is related to the total amount of protein
in the membrane and is still inhibited by the potassium channel
blocker tetraethyl ammonium (TEA). Channel conductance in
these systems is apparently a property of the lipid-protein en-
semble. In the following we suggest one possible description
for this behavior.
4.3 A possible catalytic role of membrane pro-
teins
There is ample evidence in the literature that membrane pro-
teins can influence the thermodynamic properties of lipid mem-
branes. This is true for both integral and peripheral proteins.
Fig. 10 (center, top) shows the calorimetric profiles of the band
3 protein of erythrocytes, and of cytochrome b5 (Fig. 10, center
bottom) reconstituted into synthetic lipid membranes (29, 30).
While band 3 protein increases the temperature regime of mem-
brane melting in membranes, cytochrome bb lowers it. Similar
observations have been made with other proteins. E. coli mem-
branes display a lipid transition around 22 ◦C (Fig. 4 d) while
the extracted lipids (in the absence of proteins) display a tran-
sition around 12 ◦C. Since proteins influence melting points,
they must also affect lipid membrane fluctuations and the oc-
currence of lipid channels.
The influence of an integral protein on membrane melting is
partially dictated by the so-called hydrophobic matching (31).
If the the hydrophobic part of the protein is more extended than
the hydrocarbon core of a fluid membrane, it will match bet-
ter with ordered lipids. As a consequence, lipids tend to be
more gel-like at the interface of the protein (32). If the proteins
have short hydrophobic cores (e.g., gramicidin A), it will fa-
vor fluid lipids in its vicinity (Fig. 10, left). The first class of
proteins will shift melting events towards higher temperatures,
while the second class will shift it towards lower temperatures.
This is shown for the experimental examples Band 3 protein
and cytochrome b5 (Fig. 10, center). Peripheral proteins can
shift transitions, for instance by shielding electrostatic charges
on the surface.
If a protein that matches the gel state of the membrane is
located in a fluid membrane, it tends to surround itself by a
gel lipid layer. As a consequence, there is a regime of high
fluctuations near the protein (32, 33) meaning that both heat
capacity and compressibility can be altered close to a protein.
For this reason, the presence of a protein has the potential to
locally induce lipid pores in its proximity. Another way of stat-
ing this is that proteins can catalyze lipid pores at their outer
interface. Fig. 10 (right) show Monte Carlo simulations of
such a simulation (32, 33). The simulations show a protein
(black) in a membrane at temperatures below and above the
melting regime. Dark red shades indicate small fluctuations,
while bright yellow shades display large fluctuations. It can be
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seen that a protein that favors the fluid lipid state would tend to
create regimes of large fluctuations in its environment at tem-
peratures below the melting temperature (top panels).
It thus seems likely that proteins can catalyze channel ac-
tivity without being channels themselves. This is due to the
effect of the proteins on the cooperative fluctuations in the lipid
membrane. It should generally be possible to estimate this ef-
fect from the influence of the protein on melting transitions.
5 Summary
The aim of this review has been to characterize lipid ion chan-
nels, and to illustrate the similarity of ion conduction events
and protein channel activity. We have shown that the appear-
ance of lipid channels is rooted in the fluctuation dissipation
theorem. It is thus strictly coupled to the thermodynamics of
the membrane and influenced by changes in the thermodynam-
ics variables such as temperature, pressure, voltage, etc.
Many (but not all) properties of protein channels are practi-
cally indistinguishable from lipid channels. These include
• Single channel conductances and lifetimes
• The current-voltage relations of some proteins such as
TRPM8 and the synthetic membrane
• The activation of TRP channels by temperature
• The conductance and the lifetimes of KcsA and calcium
channels embedded in membranes with transitions.
However, a few important properties are difficult to recon-
cile with the pure lipid membrane:
• The effect of mutations in the protein.
• The action of strong poisons such as tetrodotoxin or tetra-
ethyl ammonium. Tedrodotoxin in high concentrations
(mM regime) only displays a very minor influence on the
melting profiles of zwitterionic membranes (unpublished
data from Master’s thesis of S. B. Madsen, NBI 2012).
• The selectivity of the ion conduction, for instance of the
potassium channel (about 10000 times higher conduc-
tance for potassium over sodium). Lipid channels seem
to display a mild selectivity only, following the Hofmeis-
ter sequence (34).
Nevertheless, there exist a number of cases, where one can
demonstrate clear correlations of protein behavior with the lipid
membrane physics, in particular the KcsA channels and cal-
cium channels.
It seems likely that a view will eventually emerge in which
the conductance of biomembrane is seen as a feature of a lipid-
protein ensemble rather than as a feature of single proteins.
This implies a strong coupling to the macroscopic thermody-
namics of the biological membrane as a whole.
Acknowledgement: Thanks to Andrew D. Jackson from
the Niels Bohr International Academy for a critical reading of
the manuscript. This work was supported by the Villum Foun-
dation (VKR022130).
References
1. Heimburg, T. 2010. Lipid ion channels. Biophys. Chem. 150:2–
22.
2. Blicher, A., and T. Heimburg. 2013. Voltage-gated lipid ion chan-
nels. arXiv 1209.3640 [physics.bio-ph]:1–10.
3. Siskind, L. J., R. N. Kolesnick, and M. Colombini. 2002. Ce-
ramide channels increase the permeability of the mitochondrial
outer membrane to small proteins. J. Biol. Chem. 277:26796–
26803.
4. Heimburg, T., 2007. Thermal biophysics of membranes. Wiley
VCH, Berlin, Germany.
5. Kubo, R. 1966. The fluctuation-dissipation theorem. Rep. Prog.
Phys. 29:255–284.
6. Seeger, H. M., M. L. Gudmundsson, and T. Heimburg. 2007. How
anesthetics, neurotransmitters, and antibiotics influence the relax-
ation processes in lipid membranes. J. Phys. Chem. B 111:13858–
13866.
7. Schmidt, D., Q.-X. Jiang, and R. MacKinnon. 2006. Phospho-
lipids and the origin of cationic gating charges in voltage sensors.
Nature 444:775–779.
8. Seeger, H. M., A. Alessandrini, and P. Facci. 2010. KcsA redis-
tribution upon lipid domain formation in supported lipid bilayers
and its functional implications. Biophys. J. 98:371a.
9. Cannon, B., M. Hermansson, S. Gyo¨rke, P. Somerharju, and J. A.
Virtanen. 2003. Regulation of calcium channel activity by lipid
domain formation in planar lipid bilayers. Biophys. J. 85:933–
942.
10. Laub, K. R., K. Witschas, A. Blicher, S. B. Madsen, A. Lu¨ckhoff,
and T. Heimburg. 2012. Comparing ion conductance record-
ings of synthetic lipid bilayers with cell membranes containing
trp channels. Biochim. Biophys. Acta 1818:1–12.
11. Siskind, L. J., A. Davoody, N. Lewin, S. Marshall, and M. Colom-
bini. 2003. Enlargement and contracture of c2-ceramide channels.
Biophys. J. 85:1560–1575.
12. Glaser, R. W., S. L. Leikin, L. V. Chernomordik, V. F. Pas-
tushenko, and A. I. Sokirko. 1988. Reversible breakdown of lipid
bilayers: Formation and evolution of pores. Biochim. Biophys.
Acta 940:275–287.
13. Bo¨ckmann, R., R. de Groot, S. Kakorin, E. Neumann, and
H. Grubmu¨ller. 2008. Kinetics, statistics, and energetics of lipid
membrane electroporation studied by molecular dynamics simu-
lations. Biophys. J. 95:1837–1850.
14. Samanta, S., J. Stiban, T. K. Maugel, and M. Colombini. 2011.
Visualization of ceramide channels by transmission electron mi-
croscopy. Biochim. Biophys. Acta 1808:1196–1201.
9
15. Blicher, A., K. Wodzinska, M. Fidorra, M. Winterhalter, and
T. Heimburg. 2009. The temperature dependence of lipid mem-
brane permeability, its quantized nature, and the influence of anes-
thetics. Biophys. J. 96:4581–4591.
16. Wunderlich, B., C. Leirer, A. Idzko, U. F. Keyser, V. Myles, T. He-
imburg, and M. Schneider. 2009. Phase state dependent current
fluctuations in pure lipid membranes. Biophys. J. 96:4592–4597.
17. Heimburg, T. 1998. Mechanical aspects of membrane thermody-
namics. Estimation of the mechanical properties of lipid mem-
branes close to the chain melting transition from calorimetry.
Biochim. Biophys. Acta 1415:147–162.
18. Ebel, H., P. Grabitz, and T. Heimburg. 2001. Enthalpy and vol-
ume changes in lipid membranes. i. the proportionality of heat and
volume changes in the lipid melting transition and its implication
for the elastic constants. J. Phys. Chem. B 105:7353–7360.
19. Pedersen, U. R., G. H. Peters, T. B. S. der, and J. C. Dyre.
2010. Correlated volume-energy fluctuations of phospholipid
membranes: A simulation study. J. Phys. Chem. B 114:2124–
2130.
20. Winterhalter, M., and W. Helfrich. 1987. Effect of voltage on
pores in membranes. Phys. Rev. A 36:5874–5876.
21. Voets, T., G. Droogmans, U. Wissenbach, A. Janssens, V. Flock-
erzi, and B. Nilius. 2004. The principle of temperature-dependent
gating in cold- and heat-sensitive TRP channels. Nature 430:748–
754.
22. Suchyna, T. M., S. E. Tape, R. E. Koeppe II, O. S. Andersen,
F. Sachs, and P. A. Gottlieb. 2004. Bilayer-dependent inhibition of
mechanosensitive channels by neuroactive peptide enantiomers.
Nature 430:235–240.
23. Bradley, R. J., R. Sterz, and K. Peper. 1984. The effects of alco-
hols and diols at the nicotinic acetylcholine receptor of the neuro-
muscular junction. Brain Res. 295:101—112.
24. Heimburg, T. 2012. The capacitance and electromechanical cou-
pling of lipid membranes close to transitions. the effect of elec-
trostriction. Biophys. J. 103:918–929.
25. Crowley, J. M. 1973. Electrical breakdown of bimolecular
lipid membranes as an electromechanical instability. Biophys. J.
13:711–724.
26. Talavera, K., K. Yasumatsu, T. Voets, G. Droogmans, N. Shige-
mura, Y. Ninomiya, R. F. Margolskee, and B. Nilius. 2005. Heat
activation of TRPM5 underlies thermal sensitivity of sweet taste.
Nature 438:1022–1025.
27. Alvarez, O., and R. Latorre. 1978. Voltage-dependent capacitance
in lipid bilayers made from monolayers. Biophys. J. 21:1–17.
28. Wu, L.-J., T.-B. Sweet, and D. E. Clapham. 2010. Interna-
tional union of basic and clinical pharmacology. LXXVI. Current
progress in the mammalian TRP ion channel family. Pharmacol.
Rev. 62:381–404.
29. Morrow, M. R., J. H. Davis, F. J. Sharom, and M. P. Lamb. 1986.
Studies of the interaction of human erythroyte band 3 with mem-
brane lipids using deuterium nuclear magnetic resonance and dif-
ferential scanning calorimetry. Biochim. Biophys. Acta 858:13–
20.
30. Freire, E., T. Markello, C. Rigell, and P. W. Holloway. 1983.
Calorimetric and fluorescence characterization of interactions be-
tween cytochrome b5 and phosphatidylcholine bilayers. Bio-
chemistry 28:5634–5643.
31. Mouritsen, O. G., and M. Bloom. 1984. Mattress model of lipid-
protein interactions in membranes. Biophys. J. 46:141–153.
32. Ivanova, V. P., I. M. Makarov, T. E. Scha¨ffer, and T. Heim-
burg. 2003. Analizing heat capacity profiles of peptide-containing
membranes: Cluster formation of gramicidin A. Biophys. J.
84:2427–2439.
33. Seeger, H., M. Fidorra, and T. Heimburg. 2005. Domain size and
fluctuations at domain interfaces in lipid mixtures. Macromol.
Symposia 219:85–96.
34. Antonov, V. F., A. A. Anosov, V. P. Norik, and E. Y. Smirnova.
2005. Soft perforation of planar bilayer lipid membranes of
dipalmitoylphosphatidylcholine at the temperature of the phase
transition from the liquid crystalline to gel state. Eur. Biophys. J.
34:155–162.
10
